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BKCa channels are palmitoylated at a cluster of cysteine residues within the cytosolic linker connect-
ing the 1st and 2nd transmembrane domains, and this lipid modiﬁcation affects their surface
expression. To verify the effects of palmitoylation on the diffusional dynamics of BKCa channels,
we investigated their lateral movement. Compared to wild-type channels, the movement of mutant
palmitoylation-deﬁcient channels was much less conﬁned and close to random. The diffusion of the
mutant channel was also much faster than that of the wild type. Thus, the lateral movement of BKCa
channels is greatly inﬂuenced by palmitoylation.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Large-conductance calcium-activated potassium (BKCa) chan-
nels are a member of the Slo family of potassium-selective ion
channels, which have large single-channel conductance and are
dually activated by membrane depolarization and an increase in
intracellular calcium concentration [1–3]. BKCa channels are com-
posed of a pore-forming a-subunit and a modulatory b-subunit.
BKCa channels are widely expressed in both neuronal and non-neu-
ronal tissues, and play important roles in various physiological
processes such as neuronal excitability, action potential ﬁring, neu-
rotransmitter release and smooth-muscle contraction [4].
Protein S-palmitoylation (or palmitoylation) is a classic and
common lipid modiﬁcation, which involves the covalent attach-
ment of 16-carbon palmitate to an intracellular cysteine (Cys) res-
idue. Many proteins, including voltage- and ligand-gated ion
channels, are palmitoylated [5,6]. Palmitoylation is known to con-
trol the functioning of ion channels at multiple stages of their lifecycle, from maturation to trafﬁcking and regulation of the mature
channel [7].
The a-subunits of the BKCa channel are palmitoylated in at least
two different regions. An evolutionarily conserved Cys residue is
palmitoylated at an alternatively spliced insert, called the stress-
regulated exon (STREX), in the cytosolic C-terminus [8]. The chan-
nel a-subunit is also palmitoylated at a cluster of three Cys resi-
dues within the cytosolic linker connecting the 1st and 2nd
transmembrane domains (S0–S1 linker) [9]. Recently, it was also
reported that the b4-subunit of BKCa channels could be palmitoy-
lated at a cysteine residue (C193) in the intracellular C-terminus
[10].
In our previous studies, we investigated the movements of indi-
vidual BKCa channels in live cells using quantum dots [11,12]. We
demonstrated that BKCa channels diffuse within highly conﬁned
membrane areas [11]. We also reported that the lateral movement
of BKCa channels can be restricted by cytoskeletal components via
an actin-binding motif at the cytosolic C-terminus [12]. Actin
depolymerization led to a signiﬁcant increase in the area of con-
ﬁnement, as did a point mutation in the actin-binding motif; how-
ever, the lateral diffusion of the channel remained conﬁned.
Motivated by these previous results, we focused our attention
in this study on the effects of palmitoylation on the membrane
diffusion of BKCa channels. By monitoring and analyzing the move-
ment of QD-based single particles of the wild-type and a mutant
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were substituted with alanine (Ala), we were able to show that
palmitoylation is critical for the conﬁned diffusion of BKCa channels
within the cell surface membrane.
2. Materials and methods
2.1. Cell culture and expression of BKCa channels
The a subunit of the rat BKCa channel, rSlo (GenBank accession
number AF135265), was tagged at its N-terminus with the accep-
tor peptide for biotin labeling [13]. For generation of the palmitoy-
lation-deﬁcient channel (C53:54:56A), site-directed mutagenesis
was performed using the QuickChange site-directed mutagenesis
kit (Stratagene, Santa Clara, CA). The modiﬁed DNAs were sub-
cloned into pcDNA3.1 (+) vector (Invitrogen, Carlsbad, CA). COS-7
cells were maintained in DMEM (Thermo, Waltham, MA) supple-
mented with 10% fetal bovine serum (Thermo) and 1% antibiotic
(Gibco-RRL, Carlsbad, CA) in 5% CO2 at 37 C. COS-7 cells were pla-
ted onto 18 mm coverslips (Marienfeld, Lauda-Königshofen, Ger-
many) coated with 0.05 mg/ml poly-D-lysine (Sigma–Aldrich, St.
Louis, MO) at a density of 1.5  104 cells per coverslip. For transient
expression, the plasmid harboring rSlo cDNA was cotransfected
into COS-7 cells with another plasmid, pDisplay BirA-ER, in a 3:1
ratio using Lipofectamine™ 2000 (Invitrogen).
2.2. Quantum dot labeling and live cell imaging
Forty-eight hours after transfection, cells on coverslips were
washed carefully with Tyrode solution and were incubated with
0.5 nM streptavidin-conjugated QD605 (Invitrogen) for 10 min at
room temperature [11,12]. Cells were observed with a microscope
(Olympus IX-81, Olympus, Tokyo, Japan) connected to a charge-
coupled device (CCD) camera (Andor, Belfast, Northern Island).
The excitation and emission of quantum dots were controlled by
speciﬁc QD605 ﬁlters (SemRock Corp., Rochester, NY). Images were
captured using the commercial software MetaMorph (Universal
Imaging, Downingtown, PA). Images were collected at 100 ms time
intervals over 30 s using the stream-recording mode at room tem-
perature. To deplete cholesterol from lipid raft domains, cells in
Tyrode solution were treated for 30 min at 37 C with methyl-b-
cyclodextrin (Sigma–Aldrich, 10 mM). Then, COS-7 cells were incu-
bated with 0.5 nM streptavidin-conjugated QD605 in Tyrode for
10 min at room temperature [11,12].
2.3. Analysis of channel movements
All images were analyzed using the commercial software, Meta-
Morph. Changes in the X–Y coordinates of dots were tracked over
time using imaging software. Mean square displacement (MSD)
values were obtained over 300 sequential frames (or every
100 ms) and plotted against time as described in previous studies
[11,12]. The instantaneous diffusion coefﬁcient (Dinit) was calcu-
lated by ﬁtting the slope of each MSD curve in every 1.0 s interval
of the total 30 s plot.
2.4. Electrophysiological recording
All macroscopic current recordings were performed using the
patch-clamp method in an inside-out conﬁguration [11,12]. Patch
pipettes were fabricated from borosilicate glass (WPI, Sarasota,
FL) and then ﬁre-polished (3–5 MO). The channel currents were
ampliﬁed using an Axopatch 200B (Axon Instruments, Foster City,
CA), low-pass ﬁltered at 1 kHz using a four-pole Bessel ﬁlter, and
digitized using a Digidata 1200A (Axon Instruments). The symmet-ric recording solutions contained the following components:
116 mM KOH, 4 mM KCl, 10 mM HEPES, and 5 mM EGTA. The pH
was adjusted to 7.2 with 2-[Nmorpholino] ethanesulfonic acid
(MES). For the acquisition and analysis of macroscopic recording
data, commercial software packages, Clampex 8.0 (Axon Instru-
ments) and Origin 6.0 (OriginLab Corp., Northampton, MA), were
used.
2.5. Isolation of detergent-resistant membranes
Cells were lysed on ice in 250 ll of 1% Triton in MNE-buffer
[25 mM MES (pH 6.5), 150 mM NaCl, 5 mM EDTA], dounced ten
times using a dounce glass homogenizer, and mixed with 250 ll
of 80% sucrose made with MNE-buffer. After being transferred to
a centrifuge tube, the lysate was overlaid with 400 ll of 30% su-
crose in MNE-buffer, followed by 200 ll of 5% sucrose in MNE.
After centrifugation for 5 h at 200000g in a Beckman OptimaTM
TL Ultracentrifuge (Beckman Coulter, Brea, CA), 80 ll gradient frac-
tions were collected from the top of the gradient. Flotillin-1 anti-
body was used as a lipid raft marker.
3. Results
3.1. Expression and characterization of wild-type and palmitoylation-
deﬁcient BKCa channels
Since lipid modiﬁcation can affect the dynamics of membrane
proteins, we decided to investigate the functional effects of palm-
itoylation on the lateral diffusion of BKCa channels. BKCa channels
lacking the STREX insert are palmitoylated only at the cytosolic
S0–S1 linker [9]. As reported previously for the mouse BKCa chan-
nel [9], a cluster of three Cys residues (Cys53, Cys54, and Cys56) is
also conserved in the S0–S1 linker of the rat BKCa channel; these
residues are highly likely to be palmitoylated according to the pre-
dictions of CSS-Palm 3.0 software (http://csspalm.biocuckoo.org/).
To speciﬁcally label BKCa channels using QDs in live cells, we
utilized a modiﬁed version of the a subunit of the rat BKCa channel
(rSlo) [12]. The N-terminus of rSlo was tagged with an amino-acid
sequence called acceptor peptide (AP) (Fig. 1A); the lysine residue
in AP can then be biotinylated by Escherichia coli biotin ligase tar-
geted to the lumen of the endoplasmic reticulum, BirA-ER, and the
channel is subsequently expressed on the cell surface [13]. The N-
terminal biotins are exposed to the extracellular side of the plasma
membrane and can be labeled by streptavidin-conjugated QDs. In
addition to the AP-tagged wild-type channel, a palmitoylation-
deﬁcient mutant channel (C53:54:56A) was constructed in which
the three Cys residues in the S0–S1 linker were substituted with
Ala residues (Fig. 1A, red).
Before monitoring the movement of mutant channels, we as-
sessed the cell surface expression of C53:54:56A, since this was
signiﬁcantly reduced by the triple Cys mutation at the linker in
mouse BKCa channels [9]. We noticed that the expression of
C53:54:56A channel in total lysate was decreased by about 20%
compared to the WT channel (Fig. 1B). Consistent with the previ-
ous report [9], surface expression of the palmitoylation-deﬁcient
mutant channel in COS-7 cells was also signiﬁcantly reduced by
approximately 2-fold (Fig. 1B). COS-7 cells expressing the WT
and a C53:54:56A were labeled robustly with QDs (Fig. 1C).
3.2. Electrophysiological characterization of wild-type and
palmitoylation-deﬁcient BKCa channels
The functional expression of the mutant channel was also cor-
roborated by electrophysiological recording. We measured the io-
nic currents evoked by wild-type and mutant channels expressed
Fig. 1. Surface expression of QD-labeled WT and palmitoylation-deﬁcient BKCa channels in COS-7 cells. (A) Schematic illustration of the rat BKCa channel a subunit (rSlo) used
in this experiment. The N-terminal AP-tag is depicted with a black box. Cysteine residues predicted to be palmitoylated in the S0–S1 linker of the cytosolic domain, are
indicated in red. (B) Cell surface biotinylation of WT and C53:54:56A channels. Cells transfected with the WT and C53:54:56A were biotinylated and subsequently
precipitated. The precipitates were subjected to immunoblot analysis (left). Densitometric quantitation of the total (T) and surface (S) expression of the two channel types was
conducted (right). ⁄P < 0.05 and ⁄⁄P < 0.01 by paired Student’s t-test. (C) Representative images of cells expressing QD-labeled WT and C53:54:56A channels. Cells expressing
WT, C53:54:56A and RFP (Red ﬂuorescent protein) are shown in red (left column). Fluorescence from RFP is not conjugated to the channel protein. QD605 is shown in blue
(center column). Merged images are also shown (right column).
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pulses ranging from –80 mV to 200 mV, in 10 mV increments at
3 lM [Ca2+]i. As seen in the biotinylation assay, the overall electro-
physiological activity of the mutant channel was lower than that of
WT channels (Fig. 2A). The G–V relationships and V1/2 values of the
mutant channel at different Ca2+ concentrations were not signiﬁ-
cantly different from those of the WT BKCa channel (Fig. 2B and
C). These results are consistent with a previous report in which
no signiﬁcant functional effects were observed in the mouse BKCa
channel following mutations at the equivalent sites [9].
3.3. Effects of palmitoylation on the membrane movements of BKCa
channels
We then investigated the effects of palmitoylation on the mem-
brane dynamics of QD-labeled BKCa channels in live COS-7 cells
using time-lapse imaging. Individual ﬂuorescent images were
tracked at 100 ms time intervals over 30 s (Supplement Movie 1–
2). The trajectories of four different QD-labeled WT and mutant
BKCa channels are shown at 0, 10, 20, and 30 s (Fig. 3A). Asdescribed in our previous report [11], the overall movement of
the QD-labeled WT channels is highly conﬁned. When compared
with the WT, C53:54:56A appeared to be less conﬁned and some
QD-labeled mutant channels migrated over much wider areas in
the COS-7 cell membrane (Fig. 3A, arrowhead).
We then analyzed the movement of WT and mutant channels
quantitatively using two different criteria: the MSD versus time
plot, and the population histogram of MSD over 30 s (Fig. 3B and
C). The QD-labeled WT channels showed highly conﬁned move-
ment in the time vs. MSD plot. The initial diffusion coefﬁcient, Dinit,
and the conﬁnement area for diffusion were estimated as
0.015 lm2/s and 1.45 lm2, respectively, for the WT channel
(Fig. 3B). The histogram of MSD values at 30 s showed that the
WT channels were a homogenous population (Fig. 3C). Quantita-
tive analyses revealed signiﬁcant differences in the movement of
the C53:54:56A channels (Fig. 3B and C). The MSD vs. time curve
of the C53:54:56A channel was signiﬁcantly linearized compared
to that of the WT channel, with only a slight curvature. The Dinit
and the conﬁnement area were estimated as 0.024 lm2/s and
3.09 lm2 for C53:54:56A, respectively, indicating that the removal
Fig. 2. Electrophysiological characterization of QD-labeled WT and palmitoylation-deﬁcient BKCa channels in COS-7 cells. (A) Representative current traces fromWT (left) and
C53:54:56A channels (right) are shown. Ionic currents were evoked with 100 ms voltage steps from 80 mV to 150 mV. (B and C) Normalized G–V relationships (B) and half-
activation voltage (V1/2) (C) of the BKCa channel for various concentrations of Ca2+ (black, WT; grey, C53:54:56A). The symbols represent different concentrations of Ca2+: 1 (j),
3 (d), 10 lM (N). Each data point represents the mean value ± the S.E.M.
Fig. 3. Effects of mutations at palmitoylation sites in the S0–S1 linker region on membrane motility in COS-7 cells. (A) Trajectories of QD-labeled WT and C53:54:56A
channels in COS-7 cells. Fluorescence images of COS-7 cells transfected with WT (left column) or C53:54:56A (right column) are shown at different time-points (0, 10, 20, and
30 s). Time-lapse trajectories of four different dots (arrow) are superimposed (green). (B) Time-dependent MSD plot of WT and C53:54:56A. Time-dependent changes in
average MSD are shown for WT (grey line) and C53:54:56A (black line). (C) MSD histogram of QD-labeledWT and C53:54:56A. The distribution of MSD at 30 s is shown for WT
(grey bars, n = 300) and C53:54:56A (open bars, n = 300) channels.
716 S. Kim et al. / FEBS Letters 588 (2014) 713–719of palmitoyl groups enables the channels to diffuse 60% more rap-
idly over a 2.1-fold larger area. It was also evident from the MSD
histogram that the pattern of diffusion had become much more
heterogeneous in the case of the C53:54:56A channel. The fraction
of the channel population with MSD values greater than 2 lm2 was
increased from 17.7% to 45.7% by the mutation, suggesting that asigniﬁcant proportion of BKCa channels lacking palmitoyl groups
can cover larger areas by diffusion.
Next, we compared the migration distance of individual chan-
nels in a single imaging-time. Over 120000 dots were selected
and their migration distances calculated every 100 ms for 30 s.
When we plotted the migration distances of WT and C53:54:56A
Fig. 4. Effects of palmitoylation of BKCa channels on migration length. (A)
Histogram of migration distance of QD-labeled WT and C53:54:56A channels.
Calculated migration length at a time (for 100 ms) of WT (grey bars) and
C53:54:56A channels (open bars) are shown (inset, magniﬁed view; n = 120000
each). (B) Normalized counts of migration distance in 100 ms time periods for WT
and C53:54:56A channels (d, migration distance). Migrations were categorized
according to their length and the ratio of C53:54:56A: WT migration events
calculated within each subgroup.
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tion patterns: major migrations shorter than 0.1 lm and minor
migrations peaking at 0.264 lm. Although the overall migrationFig. 5. Effect of disruption of lipid rafts on the movement of QD-labeled BKCa channels in
column) channels after application of methyl-b-cyclodextrin (MbCD). COS-7 cells expr
Fluorescence images of COS-7 cells transfected with WT and C53:54:56A channels are
different dots (arrow) are superimposed (green). (B) Time-dependent MSD plot and e
C53:54:56A (lower) channels are shown before (grey line) and after treatment with MbCpatterns were similar (Fig. 4A), there were clear quantitative differ-
ences betweenWT and C53:54:56A channels. By magnifying the y-
axis of the plot (Fig. 4A, inset), we found that the number of chan-
nels experiencing a longer migration (>0.1 lm) was signiﬁcantly
increased, from a total of 5609 WT channels to 6683 mutant chan-
nels. When we divided the migration distance into subcategories,
we saw that the proportion of the channel population traveling
much longer distances was dramatically increased in the palmitoy-
lation-deﬁcient mutants (Fig. 4B). In addition, the mean distances
covered by WT and C53:54:56A channels during each migration
event were 0.266 ± 0.001 lm and 0.284 ± 0.001 lm, respectively,
indicating that some of the mutant channels can diffuse much
more rapidly than WT channels. However, only small fraction
of BKCa channels seemed to be affected by the loss of
palmitoylation.
3.4. Conﬁnement of BKCa channels by disruption of lipid rafts
Since a speciﬁc BKCa channel variant was shown to be localized
to the lipid rafts of glioma cells [14], we examined whether the
membrane dynamics of BKCa channels expressed in COS-7 cells
are inﬂuenced by these lipid microdomains. To disrupt the lipid
rafts pharmacologically, we treated COS-7 cells expressing the
WT or C53:54:56A channels with 10 mM methyl-b-cyclodextrin
(MbCD). Then, we tracked individual QD-labeled BKCa channels at
100 ms time intervals over 30 s. Movements of the QD-labeled
WT and C53:54:56A channels were dramatically altered by treat-
ment with MbCD (Fig. 5A). Treatment of 2% DMSO (control) did
not affect the movements of WT and C53:54:56A channels signiﬁ-
cantly. Contrary to our expectations, movements of WT and
C53:54:56A were markedly restricted by the depletion of choles-
terol. MSD vs. time plots showed that both WT and the mutant
channel became almost immobile following treatment with MbCD
(Fig. 5B).COS-7 cells. (A) Trajectories of QD-labeled WT (left column) and C53:54:56A (right
essing WT and C53:54:56A channels were treated with 10 mM MbCD for 30 min.
shown at different time-points (0, 10, 20, and 30 s). Time-lapse trajectories of four
ffects of MbCD. The time-dependent changes in average MSD of WT (upper) and
D (black line).
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In our previous study, we found that the movement of BKCa
channels is highly conﬁned in COS-7 cells [11]. To reveal the
molecular mechanism behind this conﬁnement, we investigated
the roles of cytoskeletal components in BKCa channel diffusion by
disrupting the cytoskeleton and mutagenizing an actin-binding
motif [12]. We showed that disruption of ﬁlamentous actin mark-
edly increased the mobility of BKCa channels, as did a single muta-
tion in the actin-binding motif. Although the area of conﬁnement
was signiﬁcantly increased by actin depolarization, membrane dif-
fusion still remained conﬁned [12]. Since lipid microdomains have
been suggested to be one potential factor constraining the lateral
diffusion of membrane proteins [15,16], we examined the effects
of palmitoylation on membrane dynamics of BKCa channels in this
study.
By analyzing the diffusional movements of wild-type and palm-
itoylation-deﬁcient channels at the level of single molecules, we
were able to reveal the effects of palmitoylation on the membrane
diffusion of BKCa channels. First, the overall movement of the chan-
nels was signiﬁcantly randomized by the mutation as indicated by
a near-linear MSD vs. time plot (Fig. 3B). This effect was also man-
ifested in the 2.1-fold increase in the conﬁnement area of palmi-
toylation-deﬁcient channels estimated from the asymptote of the
plot. Second, the channels lacking palmitates moved more rapidly
than wild-type channels, as indicated by a 60% increase in the ini-
tial diffusion coefﬁcient. Detailed analyses of individual channel
movements revealed intriguing but rather perplexing effects of
palmitoylation. In terms of their diffusional behaviors, the palmi-
toylation-deﬁcient channels were much more heterogeneous than
the wild-type channels. It was evident that a signiﬁcant number of
mutant channels diffuse more rapidly within larger areas (Fig. 3C).
Moreover, a considerable number of channels were recruited from
the major static population to more mobile populations (Fig. 4A). It
remains to be determined why only a small proportion of the chan-
nels were affected by the de-palmitoylation and what it is that
makes mutant channels lacking palmitates diffuse more rapidly
in a near random fashion. One possibility is that the micro-envi-
ronment of the cell membrane plays a role since the lipid microdo-
main inﬂuences the movement of membrane proteins [17]. Protein
palmitoylation was found to promote the localization of mem-
brane proteins to lipid rafts [18,19].
However, we were able to rule out the involvement of lipid rafts
as a potential explanation for why de-palmitoylation releases BKCa
channels from conﬁned diffusion. As shown in Fig. 5, depletion of
cholesterol and thus disruption of lipid rafts led to the movement
of BKCa channels in COS-7 cells becoming drastically more con-
ﬁned. Although this was not anticipated for BKCa channels, several
other membrane proteins are known to exhibit such behavior; for
example, the diffusion of aquaporin 1 was impeded by depletion of
cholesterol with methyl-b-cyclodextrin [20]. In fact, the movement
of membrane proteins could be obstructed by solid-like lipid or
protein clusters created by cholesterol depletion [21].
We reported previously that the diffusional movement of BKCa
channels can be restricted by actin cytoskeleton via an actin-bind-
ing motif at its cytosolic C-terminus [12]. However, the effects of
palmitoylation on channel diffusion found in the present study ap-
pear to be independent of actin cytoskeleton. When we monitored
the movement of doubly-mutated channels (L1048A/C53:54:56A)
in which both the actin-binding motif (L1048) and the palmitoyla-
tion sites (C53:54:56) were simultaneously mutated, L1048A/
C53:54:56A channels did not show any additional or synergistic ef-
fects compared to C53:54:56A channels (Supplement Fig. 1).
To reinforce the imaging results, we also performed biochemi-
cal experiments in which we used sucrose gradient centrifugationto isolate the buoyant lipid raft fractions from COS-7 cells express-
ing both wild-type and mutant channels (Supplement Fig. 2). The
results showed few differences in the expression of WT and
C53:54:56A channels in 12 fractions, especially in the lipid raft do-
main. These results further strengthen the notion that the in-
creased diffusion of the de-palmitoylated mutant channels is not
due to the release of BKCa channels from lipid raft domains. Instead,
the reduced conﬁnement of palmitoylation-deﬁcient channels
might be the result of the loss of palmitoylation-dependent signal-
ing or the alteration of protein structures.
In conclusion, we have demonstrated that the movement of
BKCa channels can be affected by lipid modiﬁcation of the channel
in live COS-7 cells. Palmitoylation at the S0–S1 linker of the BKCa
channel may play a critical role in restricting the lateral diffusion
of the channel.
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